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Background: Fascin is a pro-metastasis actin bundling protein overexpressed in basal-like breast cancer.
Results: GATA3 abrogates TGF� and Smad4-mediated fascin overexpression by abolishing the binding of Smad4 to fascin
promoter.
Conclusion: GATA3 is a novel suppressor of the canonical TGF�-Smad signaling pathway.
Significance: These findings provide mechanistic insight into how TGF�-mediated invasion and metastasis are differentially
regulated in different subgroups of breast cancer.

Transforming growth factor � (TGF�) is a potent and con-
text-dependent regulator of tumor progression. TGF� pro-
motes the lungmetastasis of basal-like (but not the luminal-like)
breast cancer. Here, we demonstrated that fascin, a pro-metas-
tasis actin bundling protein, was a direct target of the canonical
TGF�-Smad4 signaling pathway in basal-like breast cancer
cells. TGF� and Smad4 induced fascin overexpression by
directly binding to a Smad binding element on the fascin pro-
moter. We identified GATA3, a transcription factor crucial for
mammary gland morphogenesis and luminal differentiation, as
a negative regulator of TGF�- and Smad4-induced fascin over-
expression. When ectopically expressed in basal-like breast
cancer cells, GATA-3 abrogated TGF�- and Smad4-mediated
overexpression of fascin and other TGF� response genes, inva-
dopodium formation, cell migration, and invasion, suggesting
suppression of the canonical TGF�-Smad signaling axis. Mech-
anistically, GATA3 abrogated the canonical TGF�-Smad sig-
naling by abolishing interactions between Smad4 and its DNA
binding elements, potentially through physical interactions
between the N-terminal of GATA3 and Smad3/4 proteins. Our
findings provide mechanistic insight into how TGF�-mediated
cell motility and invasiveness are differentially regulated in
breast cancer.

The transcriptomic output of the transforming growth factor
� (TGF�)-Smad signaling axis is dictated by the context of
Smad co-suppressors and co-activators in the cell (1, 2). As a
consequence, TGF�-Smad4 signaling can either promote or

suppress tumor progression depending on tumor type and
stage (3). In estrogen receptor (ER)2-negative breast cancer
patients the overexpression of the type II TGF� receptor is
associated with worse overall survival, and the up-regulation of
TGF� signature genes promotes lung metastasis (4, 5). On the
other hand, TGF� signaling has no effect on the prognosis
among ER positive breast cancer patients (4, 5). It is not fully
understood how TGF�-mediated tumor metastasis is differen-
tially regulated among breast cancer subtypes.
GATA3 is a member of the GATA family of zinc finger tran-

scription factors required for the development and morpho-
genesis of themammary gland (6–8). GATA3 expression levels
are high in well differentiated, luminal breast cancer (ER-
and/or progesterone receptor (PR)-positive, Her2 (human EGF
receptor 2)-positive or -negative) but suppressed in poorly dif-
ferentiated basal-like subgroup (ER, PR, and Her2 triple nega-
tive) (6, 9–11). The targeted deletion of GATA3 in mouse
mammary gland results in the expansion of luminal progenitor
cells, and the ectopic expression of GATA3 in mammary stem
cells induces luminal differentiation (7), suggesting thatGATA3 is
critical tomaintaining the differentiation of the luminal lineage.
Ectopic expression of GATA3 in basal-like breast cancer cells
caused reversal of epithelial-to-mesenchymal transition and
suppresses the metastasis of breast cancer to the lung (12–15).
There is increasing evidence suggesting that re-introduction of
GATA3 in basal-like breast cancer cells induces differentiation
to luminal-like phenotype (6, 10, 12, 16); however, the regulation
of TGF�-mediated invasion andmetastasis by GATA3-mediated
differentiation is not clear.
Fascin is an actin bundling protein that plays a critical role in

lung metastasis of basal-like breast cancer (17, 18). Fascin pro-
motes the metastasis of breast and other cancers by facilitating
membrane protrusions such as filopodia and invadopodia dur-
ing cancer cell migration and invasion (19–22). We recently
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reported that fascin expression is up-regulated by the canonical
TGF�-Smad3-Smad4 signaling pathways in poorly differenti-
ated cancer cells but not in well differentiated polygonal-
shaped cancer cells (19). TGF�-mediated filopodia formation
and cancer cell invasionwere almost abrogatedwhen fascinwas
depleted with shRNA, suggesting that fascin is critical for
TGF�-mediated invasion and metastasis. However, it is not
clear how the differentiation state of cancer cells affects TGF�-
induced fascin expression. Here we demonstrate that Smad4
directly promotes fascin transcription by binding to a Smad
binding site on the fascin promoter. The binding of Smad4 to
the fascin promoter is abrogated by ectopicGATA3, potentially
through direct interactions between GATA3 N-terminal and
Smad3/4 proteins. Importantly, ectopic GATA3 abrogates
Smad4-mediated invadopodia formation, Matrigel invasion,
and the transcription of direct or indirect TGF� response
genes, suggesting that ectopic GATA3 inhibits the global
response to the canonical TGF�-Smad signaling axis. Our data
imply that high expression levels of GATA3 in ER-positive,
luminal-like breast cancer might be responsible for the lack of
TGF�-mediated metastasis in this subtype of breast cancer.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Medium—MDA-MB-231, MDA-MB-
468,MCF-7,BT474, andHEK293cellswereall cultured inDMEM
supplemented with 10% FBS and penicillin/streptomycin.
Antibodies—The following antibodies were used in this study:

anti-fascin (#sc-21743), anti-Smad4 (#sc-7154), and anti-GATA3
(#sc-22206) were from Santa Cruz Biotechnology; anti-Smad3
(#9523) was from Cell Signaling; anti-HA (#SAB4300603) and
anti-GAPDH (#G8795) were from Sigma. Anti-Cortactin (#05-
180) was fromMillipore.
Plasmids and DNA Constructs—pBabe-puro-GATA3 (plas-

mid #1286) and Lpcx-FLAG-Smad3 (plasmid #12638) were
obtained from Addgene. LPCX-FLAG-Smad4 was generated
by inserting PCR products between SalI and ClaI. pLPCX-HA-
GATA3 was subcloned by inserting PCR products between
BglII and EcoRI.
Retrovirus and Stable Cell Line Preparation—Vesicular sto-

matitis virus-G pseudotyped retroviruses were prepared and
concentrated as described previously (23). Briefly, HEK293
cells (in 10-cm dishes) were co-transfected with retrovirus vec-
tor encoding desired cDNA (5 �g), retrovirus packaging plas-
mids encoding gag-pol (5 �g), and vesicular stomatitis virus-G
(5 �g) using PEI reagent. The retroviruses in the supernatant
were harvested and concentrated by centrifugation. To gener-
ate stable cell lines, MDA-MB-231 cells were infected with ret-
rovirus and selected with appropriate antibiotics for 1–2 weeks
before being used for experiments.
Luciferase Assay—The full-length human fascin promoter

has been described previously (24). The luciferase reporter con-
structs were generated by inserting full-length or truncated
human fascin promoter into pGL3 basic vector (Promega)
between XhoI andHindIII. To perform dual luciferase reporter
assay, 12,000MDA-MB-231 cells were seeded in 12-well plates
and cultured overnight. Cells were transfected with 1 �g/well
fascin promoter reporter together with 100 ng/well Renilla
luciferase construct (pRL-TK) using Lipofectamine 2000. 24 h

after transfection, the cells were treated with 5 ng/ml TGF� for
12 h before lysis. Cell lysates were subjected to dual reporter
luciferase assays according to the manufacturer’s instructions
(Promega).
Chromatin Immunoprecipitation (ChIP) Assays—ChIP assays

were performed according to a previously reported protocol
with minor modification (25). 1 � 107 MDA-MB-231 Cells
were treated with control medium or medium containing 5
ng/ml TGF� for 5 h and then fixed with 1% formaldehyde
(Sigma F8775) for 10 min at room temperature. The cells were
scraped, washed in ice-cold PBS, and centrifuged at 1500� g at
4 °C for 5 min. Subsequently, the pellet was resuspended in cell
lysis buffer (44mMTris-HCl (pH 8.1), 1% SDS, and 1mMEDTA
(pH 8.0)). The cells were sonicated 3 times for 15 s each. Sub-
sequently, the cell lysates were centrifuged at 10,000� g at 4 °C
for 15min. An aliquot of the sheared chromatin was used as the
input for the ChIP assay. The remainder of the chromatin was
dilutedwithChIPdilution buffer (16mMTris-HCl (pH8.1), 250
mMNaCl, 0.1% SDS, 1% Triton-X-100, and 1.2 mM EDTA) and
rotated at least 4 h with primary anti-Smad4 antibody at 4 °C
with mouse IgG as control. 60 �l of 1:1 protein G-Sepharose
were added to the immune complexes, and the mixture was
rotated at 4 °C for 2 h. The beads were washed 5 times with
ChIP dilution buffer and eluted with ChIP elution buffer (0.1 M

sodiumbicarbonate, 1% SDS, 5mMNaCl). The cross-linkswere
reversed by incubation at 65 °C for 4 h. DNA was isolated by
ethanol precipitation. The associated proteins with the DNA
were digested with 50 �g of proteinase K at 37 °C for 30 min.
DNAwas purified by the phenol:chloroformextractionmethod
followed by ethanol precipitation. Purified DNA was resus-
pended in 30 �l of water and assayed with semi-quantitative
PCR.
Immunoprecipitation—HEK293 cells were transfected with

2.0 �g of pLPCX-HA-GATA3 or LPCX-HA-gata3 and of
LPCX-FLAG-SMAD3/4. 36 h after transfection, cells were har-
vested and lysed in a buffer containing 50mMTris (pH 8.0), 150
mM NaCl, 0.5% sodium deoxycholate, 1% Triton X-100, and 1
mM phenylmethylsulfonyl fluoride. The lysate was incubated
with anti-FLAG antibody (M2)-conjugated agarose beads
(Sigma) for 2 h at 4 °C. The beads were washed extensively in a
buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM

PMSF, and 1%Nonidet P-40. Bound proteins were boiled in 1�
protein sample buffer for 5 min and then resolved on SDS-
PAGE and detected with Western blot assay.
For TGF� treated coimmunoprecipitation experiment, MDA-

MB-231 cells overexpressing Smad4 or Smad4 and GATA3 were
seeded on 60-mmdishes overnight. The cells were treated with 5
ng/ml TGF� for 6 h and lysed in a lysis buffer containing 1 mM

NaVO4 and 5 mM NaF. The lysate were incubated with anti-
FLAG antibody (M2)-conjugated agarose beads for 2 h at 4 °C.
The beads were washed extensively, and the bound proteins
were eluted by boiling in 1� SDS sample buffer for 5 min and
then subjected to Western blotting.
Quantitative Real-time (qPCR)—Total RNA was extracted

from cultured cells using TRIzol reagent (Invitrogen), and the
RNA was treated with DNase for 15 min at 37 °C. The reverse
transcription was performed using the iScript cDNA synthesis
kit (Bio-Rad). The qRT-PCR assay was carried out with the
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Applied Biosystems 7900HT fast real-time PCR system using
Applied Biosystems SYBR Green PCR master mix. Primers for
qRT-PCRare shown inTable 1.All reactionswere performed in
triplicate, and the experiments were repeated at least three
times.
InvadopodiaAssay—The invadopodia activity assay protocol

was adapted according to Artym et al. (26) by plating cancer
cells onto glass coverslips coated with a thin film of fluorescent
gelatin. The immunofluorescence staining was performed as
previously described (22, 27, 28). Briefly, 80,000MDA-MB-231
cells were plated onTexas Red-labeled gelatin-coated glass cov-
erslips (18 mm). After a 24-h incubation, cells were fixed in 4%
paraformaldehyde and permeabilized with antibody diluting
buffer (2% BSA, 0.1% Triton X-100 in PBS) and followed by
incubation with Alexa Fluor 488 phalloidin for 30 min. An
extensive wash was carried out between each step. The cover-
slips were then fixed onto slides and imaged using a Zeiss fluo-
rescence microscope. To quantify gelatin degradation, fluores-
cent micrographs were taken from 3–5 random fields for each
group. The total gelatin degradation area in each field was
measured using ImageJ software by selecting regions of inter-
est. The degradation area per cell for each field was derived by
dividing total areawith total number of cells present in the field.
To determine the effects on invadopodium formation, cells

were plated on coverslips coated with unlabeled gelatin and
stained for actin (using phalloidin) and cortactin (using anti-
cortactin antibody, 1:1000 dilution). Invadopodia are defined as
actin- and cortactin-rich dots on the ventral side of the cells.
Cells with three or more invadopodia are defined as invadopo-
dia-positive and otherwise as invadopodia-negative.
Cell Migration and Invasion Assay—Cells (1 � 105) sus-

pended in starvationmediumwere added to the upper chamber
of an insert (formigration assay) or aMatrigel-coated insert (for
invasion assay), and the insert was placed in a 24-well dish con-
taining medium with or without serum. Cell migration assays
were carried out for 4 h, and invasion assayswere carried out for
12 h. Cells were then fixed with 3.7% formaldehyde and stained
with crystal violet-staining solution; cells on the upper side of
the insert were removed with a cotton swab. Three randomly
selected fields (10� objectives) on the lower side of the insert

were photographed, and the cells on the lower surface of the
insert were counted.

RESULTS

Fascin Is a Direct TGF�-Smad Target Gene—When Smad3
or Smad4 was ectopically expressed in two basal-like breast
cancer cells (MDA-MB-231 andMDA-MB-468), fascin protein
levels increased from 2 to �30-fold, phenocopying the TGF�-
induced fascin overexpression in this poorly differentiated sub-
type of breast cancer (Fig. 1, A and B). In contrast, ectopic
Smad4hadnodetectable effects on fascin protein levels in three
luminal-like breast cancer cell lines (MCF-7, BT-474, and
T47D) (Fig. 1B). The lack of Smad4-induced fascin expression
in luminal breast cancer cells suggested that Smad co-factors
might play a role in this regulation.
There are two potential Smad binding sites (at �1211 and

�370, respectively) on the fascin promoter (Fig. 1C). To deter-
mine whether Smad4 directly regulates fascin expression by
binding to the fascin promoter, we constructed a series of lucif-
erase reporters containing full-length (P2900) or truncated fas-
cin promoters (P1315, P402, and P210) (Fig. 1C). The trunca-
tion of the promoter region containing the �1211 Smad
binding element had no noticeable effect on the activation of
fascin promoter by TGF� (Fig. 1C). However, the activation of
fascin promoter by TGF� was abolished in the P210 reporter,
which contains the core fascin promoter elements (29) but nei-
ther of the two CAGAC Smad binding elements (Fig. 1C). To
investigate whether Smad3 and Smad4 were required for the
transactivation of fascin promoter by TGF�, we knocked down
Smad3 and Smad4 inMDA-MB-231 cells using shRNA. Smad3
and Smad4 knockdown abrogated the activation of P402 lucif-
erase reporter by TGF� as well as TGF�-induced overexpres-
sion of fascin protein (Fig. 1, D and E).
Our luciferase reporter experiments suggested that the Smad

transcription complex might promote fascin expression by
directly binding to the�370 Smad binding sites. To determine if
this was the case, we performed ChIP experiments using anti-
Smad4 antibody. The Smad4 antibody successfully precipitated
the fascin promoter in TGF�-treated MDA-MB-231 cells but
not in the control cells, suggesting that Smad4 directly inter-
acted with the�370 Smad binding element upon TGF� activa-
tion (Fig. 1, F and G). To further confirm that the �370 site is
required for TGF� to activate fascin promoter activity, we
mutated the �370 Smad binding element from CAGAC to
TTAGT in the P402 reporter. The mutation almost completely
abrogated TGF�-induced luciferase expression. Taken together,
our data suggest that fascin is a novel direct target gene of the
canonical TGF�-Smad signaling pathway. The activation of
fascin expression byTGF� is dependent on the binding of Smad
transcription complex to the �370 CAGAC site on the fascin
promoter.
GATA3 Negatively Correlates with Fascin Expression in Breast

Cancer Patients—We noted that TGF� and Smad4 only induced
fascin overexpression in basal-like but not in luminal-like breast
cancer cells (Fig. 1, A and B). It was also noted that most of the
cancer cells that respond to TGF�-induced fascin transcription
also have mesenchymal-like morphology, whereas the non-re-
sponsive cells mostly adopt epithelial-like polygonal shapes

TABLE 1
Primers used for ChIP and q-PCR
F, forward; R, reverse.

Primer names Primer sequence

Fascin CHIP-443 F 5�-GCCTCTTTCCCTCGTCTG-3�
Fascin CHIP-282 R 5�-CTAGGAGCAAGGACGAGC-3�
p21 CHIP-F 5�-GGTGGTGGTGAGCTAGAAG-3�
p21 CHIP-R 5�-CCTCTGCTTTCAGGCATTTC-3�
Fascin qPCR-F 5�-TGCTACTTTGACATCGAGTGG-3�
Fascin qPCR-R 5�-ATGAGCTTCATGAGGAAGAGC-3�
E-cadherin qPCR-F 5�-TCTCTGCTCGTGTTTGACTATG-3�
E-cadherin qPCR-R 5�-TGCCCCATTCGTTCAAGTAG-3�
ANGPTL-4 qPCR-F 5�-AGCCATTCCAACCTCAACG-3�
ANGPTL-4 qPCR-R 5�-ATGGGCTGGATCAACATGG-3�
N-cadherin qPCR-F 5�-GACCAGGACTATGACTTGAGC-3�
N-cadherin qPCR-R 5�-TGGGTCTTTCATCCATTCGTC-3�
Vimentin qPCR-F 5�-CGTGAATACCAAGACCTGCTC-3�
Vimentin qPCR-R 5�-GGAAAAGTTTGGAAGAGGCAG-3�
p21 qPCR-F 5�-TGTCACTGTCTTGTACCCTTG-3�
p21 qPCR-R 5�-ATCTGTCATGCTGGTCTGC-3�
GAPDH qPCR-F 5�-AGAAGGCTGGGGCTCATTTG-3�
GAPDH qPCR-R 5�-AGGGGCCATCCACAGTCTTC-3�
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(19). These observations led us to postulate that epithelial-to-
mesenchymal (EMT) transcription factorsmight be involved in
regulating the TGF�-mediated fascin overexpression in breast
cancers.We examined the correlation between fascin levels and
the expression levels of a panel of EMT transcription factors
(including SNAI1, SNAI2, ZEB1, ZEB2, KLF8, TWIST1,
TWIST2,TCF4, SIX1, FOXC2,GRHL2,ELF3,ELF5,GATA1–6,
and HIF1A) in two cohorts of breast cancer samples (the
MSKCC cohort and the Stockholm cohort) (18, 30). Pearson
correlation coefficient (r) and probability (p) values of the cor-

relation between fascin probe sets and each of the probe sets for
the EMT transcription factors were calculated. The SNAI2 and
GATA3 probe sets significantly correlate with the two fascin
probe sets in both cohorts (supplemental Table 1, Fig. 2A), sug-
gesting that these two EMT transcription factors might be
involved in regulating fascin expression in breast cancer patients.
We decided to focus onGATA3 due to its robust correlationwith
fascin. When the 99 breast cancer patients in theMSKCC cohort
were sortedaccording toGATA3expression levels, fascin expres-
sion levels were higher in patients with low GATA3 expression

FIGURE 1. Fascin is a direct target gene of Smad4 in basal-like breast cancer cells. A, Western blot showing that TGF� treatment (5 ng/ml, 72-h treatment
in growth medium) and ectopically expressed FLAG-Smad4 and FLAG-Smad3 increased fascin protein levels in basal-like MDA-MB-231 cells. B, Western blot
showing that ectopic Smad4 induced fascin up-regulation in basal-like MDA-MB-468 cells but not in luminal-like MCF-7, BT474, and T47D cells. The increase in
total Smad4 and Smad3 levels after enforced expression were determined through immunoblotting using respective antibodies, as shown in A and B. C,
luciferase assay indicating TGF�-activated fascin promoter. Upper panel, schematic diagram of full-length and truncated fascin promoter used in the experi-
ment; �1211 and �370 Smad binding sites are indicated. Lower panel, activation of full-length or truncated fascin promoter by TGF� treatment, as determined
by luciferase activity assay. D and E, effects of Smad3 and Smad4 knockdown on the transactivation of fascin promoter (P402) by TGF�, as determined by
luciferase assay (D) or on TGF� (5 ng/ml, 72-h treatment)-induced fascin overexpression, as determined by Western blotting (E). The knockdown of Smad3 and
Smad4 protein levels in MDA-MB-231 cells was determined through Western blotting, as shown in E. F, ChIP assay using anti-Smad4 antibody showed that
direct binding of Smad4 to fascin promoter in MDA-MB-231 cells was increased after TGF� (5 ng/ml) treatment. G, quantification of the results in F through
densitometry using ImageJ software. H, luciferase assay showing that mutation of the �370 Smad binding site abolished the activation of fascin promoter by
TGF�. p � 0.001 (***) and p � 0.0001 (****), respectively, as determined by one-way ANOVA (C and D) or Student’s t test. The relative expression levels of fascin
and/or Smad3/4 in A, B, and E were determined through densitometry using ImageJ software. All the expression level changes were relative to the untreated
control within the same group (as indicated by the black line).
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(Fig. 2B). Indeed, when patients were stratified into “GATA3
low” (GATA3 levels at or below the median level) or “GATA3
high” (abovemedian) groups, the average fascin expression lev-
els in the GATA3 low patients were �2-fold higher than the
GATA3 high group (Fig. 2C).
GATA3 and Fascin Are Critical for Breast Cancer Lung

Metastasis—We previously reported that the expression levels
of fascin were about 2-fold higher in “TGF� high” breast cancer
patients than in “TGF� low” patients (19). Breast cancer

patients with high levels of fascin are more prone to developing
lung metastasis (17, 18). Intriguingly, it was recently suggested
that TGF� also promoted lungmetastasis in ER-negative breast
cancer patients (5). To evaluate whether fascin and GATA3
played a role in TGF�-mediated breast cancer lung metastasis,
we stratified the TGF� high breast cancer patients in the
MSKCC cohort (19) to different groups based on fascin or
GATA3 expression levels. As shown in Fig. 2D, TGF� high
breast cancer patients with high fascin levels (or low GATA3

FIGURE 2. GATA3 expression levels negatively correlated with fascin in breast cancer patients. A, correlation between fascin (FSCN1) and GATA3 probe
sets in two cohorts of breast cancer patients (the MSKCC cohort and the Stockholm cohort). Pearson correlation coefficients (r) and p values are as indicated.
B, mRNA expression levels of GATA3 (lower panel) and fascin (upper panel) in 99 breast cancer patients in the MSKCC cohort; the patients were sorted according
to GATA3 express levels from low (left) to high (right). C, fascin mRNA levels were �2-fold higher in the GATA3 low group (n � 50, GATA3 levels at or below the
median) when compared with the GATA3 high group (n � 49, GATA3 levels above the median) in the MSKCC cohort. ****, p � 0.0001 (two-tailed Students t
test). D and E, 50 breast caner patients in the MSKCC cohort with high TGF�1 expression levels (TGF1 at or above median) were further stratified into two
subgroups based on fascin (D) or GATA3 (E) expression levels. The probability values (p) and hazard ratios (HR) of lung or bone metastasis free survival were
calculated by log-rank tests.
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levels in Fig. 2E) were remarkably more susceptible to develop-
ing lung metastasis (p � 0.003, HR � 10.7 for fascin and p �
0.004,HR� 9.4 forGATA3) than those patientswith low fascin
levels (or highGATA3 levels in Fig. 2E). In contrast, it appeared
that fascin or GATA3 expression levels had no significant
impact on the bone metastasis in this group of breast cancer
patients (Fig. 2, D and E). Taken together, our data indicated
that both fascin and GATA3 are critical for breast cancer lung
metastasis.
Ectopic Expression of GATA3 Abrogates TGF� and Smad4-

mediated Gene Transcription—To determine the role of
GATA3 in TGF� and Smad4-mediated fascin transcription, we
stably expressed GATA3 in MDA-MB-231 and MDA-MB-468
cells. The ectopic expression of GATA3 in the spindle-shaped
MDA-MB-231 cells induced a morphology change to epitheli-
al-like polygonal shape, which is consistent with the previous
observation that ectopic GATA3 reversed the epithelial-to-

mesenchymal transition in basal-like breast cancer cells (12).
When ectopically expressed in the two basal-like breast cancer
cell lines, GATA3 only had a very modest inhibitory effect on
fascin protein expression (�10–30% reduction in protein levels
according to Western blotting) (Fig. 3, A and B). However,
GATA3 almost abrogated the TGF� and Smad4-mediated
overexpression of fascin (Fig. 3, A and B). GATA3 also abro-
gated TGF� and Smad4-mediated increase in fascin mRNA
levels, suggesting that GATA3 might inhibit the TGF�- and
Smad4-mediated transcription (Fig. 3C). The robust inhibition
of TGF�- and Smad4-mediated fascin overexpression in basal-
like breast cancer cells was not due to un-physiologically high
levels of ectopic GATA3, as the levels of ectopically expressed
GATA3 inMDA-MB-231 andMDA-MB-468 cells were �10%
that of the endogenous GATA3 protein levels in the luminal
breast cancer cell lines (MCF-7 and T47D). It is also worth
noting that even at such low levels ectopic GATA3 was suffi-

FIGURE 3. Ectopic GATA3 abrogated TGF�- and Smad4-mediated transcription of fascin in basal-like breast cancer cells. A and B, ectopic GATA3
abrogated TGF� (A) and Smad4-induced (B) overexpression of fascin protein in MDA-MB-231 and MDA-MB-468 cells. Basal-like breast cancer cells stably
expressing control vector or ectopic GATA3 were treated with TGF�1 (5 ng/ml, 72 h) (A) or used for the enforced expression of FLAG-Smad4 (B). *, nonspecific
band detected by the GATA3 antibody (A). C, ectopic GATA3 abrogated TGF� and Smad4-mediated transcription of fascin mRNA in MDA-MB-231 cells.
MDA-MB-231 cells stably expressing control vector or ectopic GATA3 were treated as described in A and B; fascin mRNA levels were determined through qPCR.
D, expression levels of endogenous GATA3, GATA3 levels after enforced expression (in MDA-MB-231 and MDA-MB-468 cells), or shRNA knockdown (in MCF-7
and T47D cells). E, effects of GATA3 knockdown on responsiveness to TGF�-induced fascin expression in T47D and MCF-7 cells. F and G, ectopic GATA3
abrogated the TGF�- or Smad4-mediated transcription of five TGF� response genes (E-cadherin, ANGPTL-4, N-cadherin, vimentin, and p21) in MDA-MB-231
cells. MDA-MB-231 cells stably expressing control vector or ectopic GATA3 were treated as described in A and B; mRNA levels of TGF� response genes were
determined through qPCR. The relative protein expression levels of fascin in A, B, and E were quantified as described in Fig. 1. ***, p � 0.001, as determined by
two-tailed Student’s t test.
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cient to exert a robust inhibitory effect on TGF�- and Smad4-
mediated responses. We also sought to determine whether
GATA3 knockdown in luminal breast cancer cells would make
them responsive to TGF�-mediated fascin overexpression.
Despite successful reduction of endogenousGATA3 protein by
�80% through shRNA, the residual GATA3 levels in MCF-7
and T47D cells were still two to three times higher than the
ectopic GATA3 levels in basal-like cells with enforced expres-
sion (Fig. 3D). Consequently, TGF�-induced fascin expression
was unremarkable in these luminal breast cancer cells even
after GATA3 knockdown (Fig. 3E).
To determine whether the inhibition of TGF� and Smad4-

mediated gene transcription is specific to fascin, we used quan-
titative PCR to assess theGATA3 effects on the transcription of
a panel of five additional TGF� response genes, including three
genes directly regulated by the Smad transcriptional complexes
(ANGPTL4, vimentin, and p21) and two genes indirectly regu-
lated by TGF-Smad signaling (E-cadherin and N-cadherin).
Gata3 modestly increased the expression levels of E-cadherin
and decreased the levels of N-cadherin and vimentin (Fig. 3, F
andG), which is consistent with the luminal differentiation and
reversal of EMT phenotypes induced by GATA3 (7, 31). Strik-
ingly, ectopically expressed GATA3 abrogated TGF�- and
Smad4-mediated transcription of all five TGF� response genes,
suggesting that GATA3 might globally inhibit the signaling of
the canonical TGF�-Smad signaling pathway (Fig. 3, F and G).
GATA3 Abrogates Smad4-mediated Invadopodium Forma-

tion and Invasion—Invadopodia are adhesive membrane pro-
trusions that coordinate ECMdegradation and invasion in can-
cer cells (32, 33). Invadopodia share many protein components
and similar regulatory mechanisms with filopodia and are con-
sidered “invasive filopodia” in metastatic cancer cells (20, 21,
34). It was recently reported that fascin promoted invadopo-
dium formation by stabilizing the actin core of invadopodia
(20). We sought to investigate the role of TGF� and fascin in
invadopodium regulation in basal-like breast cancer cells.
When stained for F-actin and cortactin, �30% of MDA-MB-
231 cells contained round actin and cortactin-positive dots on
the ventral side of the cell (Fig. 4A). When plated on glass cov-
erslips coated with fluorescence-labeled gelatin, these actin
protrusions were able to degrade gelatin, leaving dark spots on
a bright background, suggesting that those were invadopodia.
Treatment with TGF� or overexpression of Smad4 increased
the percentage of invadopodia positive cells from �30% (47 of
159) to�90% (139 of 151) and�50% (79 of 159), respectively (Fig.
4, A and B). Smad3 and Smad4 knockdown almost abolished
TGF�-mediated invadopodium formation without significant
effectsonbasal levelsof invadopodiapositive cells (Fig. 4,CandD),
suggesting that TGF� promotes invadopodium formation
through the canonical Smad-dependent pathway. To investi-
gate the role of fascin in TGF�-mediated invadopodium forma-
tion, we employed shRNA to knock down fascin expression in
MDA-MB-231 cells. Fascin knockdown decreased the propor-
tion of invadopodia-positive cells from �26% (39 of 151) to
�10% (15 of 152) (Fig. 4, C and D). Although TGF� treatment
in fascin knockdown cells still increased invadopodium forma-
tion (about 20% of the cells were positive for invadopodia after
TGF� treatment), the increase was remarkably lower than in

control shRNAexpressing cells, suggesting that fascin is critical
for TGF�-mediated invadopodia formation.

Because our data indicated that GATA3 abrogated the global
response toTGF�-Smad4 signaling, we further investigated the
effects of GATA3 in Smad4-mediated invadopodium forma-
tion and ECM degradation. The ectopic expression of GATA3
remarkably decreased the invadopodium-positive MDA-MB-
231 cells from �30% to �10% (14 of 150) and inhibited the
gelatin degradation activity of the breast cancer cells (Fig. 4,
E–G). Importantly, unlike in the control MDA-MB-231 cells,
overexpression of Smad4 inMDA-MB-231-GATA3 cells failed
to increase either the proportion of invadopodium-positive
cells or the degradation of gelatin (Fig. 4, E–G). Next, we inves-
tigated the effects of GATA3 on Smad4-mediated migration
and invasion of MDA-MB-231 cells through Boyden chamber
assay. Smad4 promoted the motility and invasiveness of MDA-
MB-231 cells by �2.5-fold. In MDA-MB-231-GATA3 cells the
pro-migration and pro-invasion activity of Smad4 was dramati-
cally diminished (Fig. 4,H–I) despite similar levels of Smad4 pro-
tein expression in the control cells and GATA3 cells (Fig. 3B).
Fascin knockdown was able to significantly inhibit Smad4-medi-
ated invasion (Fig. 4J), and ectopic overexpression of fascin was
able to partially rescue the inhibition of Smad4-mediated invasion
by GATA3 (Fig. 4K). Taken together, our data indicated that re-
introduction of GATA3 into the basal-like MDA-MB-231 breast
cancer cells abrogated the ability of TGF�-Smad signaling path-
way to promote invadopodium formation, ECMdegradation, and
Matrigel invasion at least partially through abrogating the TGF�-
and Smad4-mediated fascin overexpression.
GATA3 Abrogates the Binding of Smad4 to Fascin Promoter—

To understand the molecular mechanisms by which GATA3
regulates Smad4-mediated fascin transcription, we inspected
the fascin promoter for GATA3 binding elements and identi-
fied three potential GATA3 sites at �1869, �1707, and �1114
(Fig. 5A). To determine whether these GATA3 binding ele-
ments were required for GATA3 to inhibit TGF� and Smad4-
mediated fascin transcription, we used the P402 luciferase
reporter to investigate the activation of this truncated reporter by
TGF�. Surprisingly, although the P402 reporter did not contain
any of the three GATA3 binding elements, ectopic GATA3 still
abolished the activation of P402 truncated promoter by TGF�.
We next investigated whether GATA3 abolished TGF�-me-

diated fascin expression by inhibiting Smad3 phosphorylation.
Ectopically expressed GATA3 only modestly decreased basal
and TGF�-stimulated phosphor-Smad3 levels in MDA-MB-
231 cells (Fig. 5B), suggesting that this is not likely to be amajor
mechanism. To determine whether GATA3might directly reg-
ulate the activity of the Smad transcriptional complex by bind-
ing to Smad proteins, we expressed HA-GATA3 alone or
together with FLAG-Smad3 or FLAG-Smad4, respectively, in
HEK293 cells. The FLAG-tagged Smads were immunoprecipi-
tated with M2 anti-FLAG beads, and the presence of GATA3
bound to the beads was assayed through anti-HA immunoblot-
ting. As shown in Fig. 5C, M2 beads precipitated GATA3 when
GATA3 was co-expressed with either FLAG-Smad3 or with
FLAG-Smad4, but not when expressed alone, suggesting that
GATA3 directly interacts with Smad transcription factors (Fig.
5C). To investigate whether Smad3 might interact with endoge-
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FIGURE 4. GATA3 abrogated Smad4-mediated invadopodium formation and invasion. A, actin (red) and cortactin (green) staining revealed that TGF�
treatment (5 ng/ml) and ectopic Smad4 promoted the formation of invadopodia in MDA-MB-231 cells. Cells were allowed to attach to gelatin-coated coverslips
for 24 h before PFA fixation. For TGF� treatment, cells were pretreated with 5 ng/ml TGF� before being plated onto coverslips. B, quantification of invadopodia-
positive and -negative cells in A. C and D, MDA-MB-231 cells expressing control and targeting shRNAs were treated with TGF� as described in A and stained with
actin and cortactin. C shows representative images, and D shows quantification of invadopodia-positive and -negative cells in each group. E–G, effects of
ectopic GATA3 expression in MDA-MB-231 cells on invadopodium formation and ECM degradation. Representative images showing GATA3 abolished Smad4-
mediated invadopodia formation and gelatin degradation are presented in E. Quantification of invadopodia positive versus negative cells is shown in F and,
quantification of gelatin degradation area per cell is shown in G. Insets in A, C, and E are magnified views of the boxed area in the main images. Scale bars are 10
�m. H and I, effects of ectopic GATA3 on Smad4-mediated MDA-MB-231 cell migration (H) and invasion (I). J, effects of fascin knockdown on Smad4-mediated
MDA-MB-231 invasion. K, ectopic expression of fascin partially rescued the inhibition of Smad4-mediated invasion by GATA3. *, p � 0.05 and ****, p � 0.0001,
respectively (determined by two-tailed Fisher’s exact test in B, D, and F or by Student’s t test in H–K).
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nousGATA3 andwhether such interactionmight be regulated by
TGF�, we expressed FLAG-Smad3 in MCF-7 cells. As shown in
Fig. 5D, M2 anti-FLAG beads successfully co-immunoprecipi-
tatedendogenousGATA3withFLAG-Smad3 inMCF-7cellswith
or without TGF� treatment, suggesting that the Smad3-GATA3
complexmight not be affected by TGF� treatment.
To determine the effects of GATA3 on the formation of

Smad3-Smad4 transcriptional complex, we investigated the
Smad3-Smad4 interaction in the MDA-MB-231 control cells
and the GATA3 stable line using FLAG-Smad4 to immunopre-
cipitate endogenous Smad3. A very low Smad3-Smad4 interac-
tion was detected in the control cells and GATA3 cells before
TGF� stimulation (Fig. 5E). Stimulation with 5 ng/ml TGF�
increased the amount of Smad3 precipitated FLAG-Smad4 in
both cell lines; however, the formation of Smad3-Smad4 com-
plex was inhibited by �70% in the GATA3 cells when com-
pared with the control cells (Fig. 5E).
We postulated that the direct interaction between GATA3

and Smad3/4 and the reduced formation of Smad3-Smad4
complex might contribute synergistically to inhibit the binding
of Smad4 to the promoter of TGF� response genes and thus

abrogated Smad4-mediated invasion in basal-like breast cancer
cells. To examine this possibilitywe investigated the interaction
between Smad4 and the promoters of fascin and p21 through
ChIP. Only very small amounts of the fascin or the p21 pro-
moterwere immunoprecipitated by anti-Smad4 antibody in the
MDA-MB-231 control cells or the GATA3 cells (Fig. 5, F and
G). TGF� increased the immunoprecipitation of p21 and fascin
promoter by anti-Smad4 antibody by 5–30-fold (Fig. 5, F and
G), consistent with the notion that these two genes are directly
regulated by the canonical TGF�-Smad4 signaling. However,
whenGATA3was ectopically expressed inMDA-MB-231 cells,
TGF� was not able to increase the binding of Smad4 to either
the fascin promoter or the p21 promoter, suggesting that
GATA3 abrogated the TGF�-mediated activation of Smad4
transcriptional activity.
GATA3 N-terminal Interacts with Smad3 and Smad4—

GATA3 is a 443-residue protein containing two transactivation
domains (TA1 andTA2) on theN terminus and twoDNAbind-
ing Zinc-finger domains (ZnF1 and ZnF2) on the C terminus
(Fig. 6A). To understand the structural determinant for the
interactions between GATA3 and Smad3/4, we constructed a

FIGURE 5. GATA3 abrogated the interaction between Smad4 and its binding sites on fascin and p21 promoters. A, the upper panel shows potential GATA3
binding sites on fascin promoter, and the lower panel shows luciferase assay results, showing that ectopic GATA3 abrogated the activation of P402 fascin
promoter by TGF� in MDA-MB-231 cells. B, control and GATA3-overexpressing MDA-MB-231 cells were treated with TGF� (5 ng/ml) for the various time (as
indicated); the phosphor-Smad3 and total Smad3 levels in these cells were determined by Western blotting. C, physical interactions between GATA3 and
Smad3 and between GATA3 Smad4 were determined by immunoprecipitation (IP). HEK293 cells were transient transfected with HA-GATA3 alone or HA-GATA3
together with FLAG-Smad3 or FLAG-Smad4. FLAG-tagged Smads were precipitated with M2 beads, and co-precipitated GATA3 was detected with Western
blotting (IB). D, MCF-7 cells with or without enforced expression of FLAG-Smad3 were treated with or without TGF� and used for immunoprecipitation as
described in C. IgG heavy-chain bands from M2 beads that migrated in close proximity to GATA3 bands are indicated. F and G, GATA3 ectopically expressed in
MDA-MB-231 cells abrogated the binding of Smad4 to the fascin promoter and p21 promoter, as determined by ChIP assay with anti-Smad4 antibody. The
fascin and p21 promoter precipitated by the anti-Smad4 antibody were detected through semi-quantitative PCR. G, quantification of the results in F through
densitometry using ImageJ. RU, relative units.
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series of HA-tagged GATA3 fragments (Fig. 6A). These frag-
ments were co-expressed with FLAG-Smad3 or FLAG-Smad4,
and their interactions were determined through co-immuno-
precipitation (Fig. 6, B–E). Smad3 and Smad4 interacted
strongly with both the N1 (1–259) and the N2 (1–295) frag-
ments and weakly with the C1 (259–443) fragment, suggesting
that the interactions with Smad3/4 mainly involved the N-ter-
minal region containing the two transactivation domains (Fig.
6,B andC). It appeared that theN2 fragment (N1 fragment plus
ZnF1) interactions with Smad3/4 were stronger than with the
N1 fragment, suggesting that the zinc finger domain 1 might
contribute to strengthening the interactions between Smad3/4
and GATA3 N-terminal and might account for the residual
interaction activity in the C1 fragment. To test this possibility
we constructed a C2 fragment containing residue 295–443 (C1
minus ZnF1) (Fig. 6A). The C2 fragment appeared to be prone
to degradation, but we were able to obtain high expression lev-
els of this protein fragment after inhibition of the proteasome
pathway withMG132. TheMG132 treatment did not affect the
interaction between full-length GATA3 and Smad3/4; how-
ever, despite the high expression levels in the MG132 treated
cells, the C2 fragment failed to interact with either Smad3 or
Smad4 (Fig. 6, D and E). Taken together, our data suggest that

the interactions between GATA3 and Smad3/4 are mainly
mediated by GATA3 N-terminal and further strengthened by
ZnF1 domain.

DISCUSSION

Fascin is a pro-metastasis actin bundling protein overex-
pressed in all of the carcinomas examined to date (35). In breast
cancer patients, fascin expression levels are significantly higher
in the basal-like subgroup when compared with the luminal
subgroup or to normal breast tissues (17, 36). There is emerging
evidence suggesting that cytokines and growth factors in the
tumor microenvironment, such as TGF�, IL-6, and EGF, may
promote fascin overexpression in cancer cells (19, 24, 37–39).
We previously reported that TGF� promoted fascin overex-
pression in breast and lung cancer cells through a Smad3- and
Smad4-dependent butMAPK-independent pathway (19); how-
ever, Fu et al. (38) reported that TGF� mediated fascin overex-
pression through Smad-independent but MAPK-dependent
pathway in gastric cancer. It is not immediately clear whether
the discrepancy is due to different types of cancer cells used in
the two studies.Nonetheless, our data here further indicate that
fascin is a direct target gene of the canonical TGF�-Smad sig-
naling pathway, at least in basal-like breast cancer. TGF� acti-

FIGURE 6. The physical interactions between Smad3/4 and GATA3 were mediated by its N-terminal and ZnF1 domain. A, schematic illustration of the
structural organization of GATA3 domains and truncated GATA3 fragments used in this study; TA1, TA2, ZnF1, and ZnF2 are transactivation domains 1 and 2
and zinc finger domains 1 and 2, respectively. The beginning and ending residue numbers for each domain/region/fragments are as indicated. B–E, physical
interactions between full-length GATA3, GATA3 fragments, and Smad3 and Smad4 were determined by immunoprecipitation (IP). HEK293 cells were tran-
siently transfected with HA-tagged GATA3 and GATA3 fragments alone or together with FLAG-Smad3 or FLAG-Smad4 as indicated in the respective panels.
FLAG-tagged Smads were precipitated with M2 beads, and co-precipitated GATA3 fragments were detected with Western blotting (IB). Cells in D and E were
treated with 2 �M MG132 for 12 h before cell lysis and immunoprecipitation. The two asterisks in D mark IgG heavy chain from M2 beads that co-migrate with
FLAG-Smad3.
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vates the transcription of fascin gene by promoting the binding
of Smad4 to the �370 Smad binding sites on the fascin pro-
moter. Our findings together with previous reports on the reg-
ulation of fascin expression by Stat3 and NF�B (37, 40) suggest
that signaling pathways downstream of the inflammatory cyto-
kines (e.g. TGF�, IL-6, TNF�, etc.) might be responsible for
fascin overexpression in metastatic cancers. The effects of
inflammatory tumor microenvironment on fascin overexpres-
sion warrant further exploration in the future.
Our earlier data suggested that the differentiation state of the

cancer cellsmight affect the response to TGF�-mediated fascin
overexpression (19). Interestingly, the up-regulation of fascin
by TGF� and Smad4 was only observed in basal-like breast
cancer cells but not in the luminal-like cells. By examining two
breast cancer microarray datasets, we identified GATA3, a
master regulator of mammary morphogenesis and luminal dif-
ferentiation (6–9, 31) as a potential regulator of fascin expres-
sion. Indeed, ectopically expressed GATA3 abrogated the
TGF� and Smad4-mediated transcription and overexpression
of fascin in basal-like breast cancer cells. Our data further indi-
cated that ectopically expressed GATA3 might globally sup-
press the transcriptional activity of the canonical TGF�-Smad
signaling and abrogate the ability of Smad4 to promote invado-
podium formation, cell migration, and invasion in MDA-MB-
231 cells. The abrogation of Smad4-mediated responses by
GATA3 was probably due to the blockade of the interaction
between Smad4 and its DNA binding sites.
Intriguingly, ectopic expression of GATA3 inMDA-MB-231

cells, although at a relative low level when compared with lumi-
nal cancer cells, remarkably inhibited invadopodium forma-
tion. Such inhibition is unlikely through fascin, as GATA3 only
very modestly reduced basal expression levels of fascin in
MDA-MB-231 cells. It was recently reported that transcription
factor or TGF�-mediated EMT significantly promoted invado-
podium formation in breast cancer cells (41). It is well estab-
lished that ectopic expression of GATA3 in mesenchymal-like
cancer cells induces epithelial-like phenotypes. It is possible
that ectopic expression of GATA3 inhibits invadopodium for-
mation by reversing EMT.
Itwas previously reported that Smad3 andGATA3physically

interact with each other in T cells to enable the regulation of
GATA3 target genes by TGF� signaling (42). It was not clear,
however, whether such interactions affect the canonical Smad-
mediated signaling pathway. Our data indicate that, when
ectopically expressed in basal-like breast cancer cells, GATA3
physically interacts with Smad3 and Smad4 and interferes
with the formation of Smad3-Smad4 transcription complex.
It is tempting to hypothesize that GATA3 is a novel co-sup-
pressor of Smad transcription factors; the physical interac-
tions between GATA3 and Smad3/4 might block the TGF�-
Smad signaling by abrogating the interactions between Smad
transcription factors and their DNA binding elements. The
interaction between Smad3/4 and GATA3 was mainly medi-
ated by its N-terminal region and strengthened by the ZnF1
domain. It is interesting to note that the ZnF1 domain was
previously implicated in the interactions between GATA3 and
FOG1 and FOG2 (43).

The effects of TGF� on cancer progression are highly con-
text-dependent (3, 44). Although the core components of the
canonical TGF signaling pathways are preserved inmost breast
cancers, TGF� signaling promotes lung metastasis only in ER-
negative, but not the ER-positive, breast cancer (4, 5, 44). Our
data suggest that high expression levels of GATA3 in the ER-
positive, luminal-like breast cancer might contribute to sup-
pression of TGF�-mediated metastasis in this subgroup of
breast cancer by abrogating Smad4-mediated invadopodium
formation, ECM degradation, cell migration, and invasion.
Indeed, TGF� high breast cancer patients in the MSKCC
cohort with low fascin expression or high GATA3expression
were much less likely to develop lung metastasis, lending fur-
ther evidence to the notion that these two genes are critical
players in TGF�-mediated breast cancer metastasis.
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